In complex ecological communities, where species exhibit a diverse array of trophic and competitive strategies, species extinction can affect the remaining species, for example, by causing a cascade of secondary extinctions (Paine 1966; Pimm 1980; Borrvall et al. 2000; Sole and Montoya 2001; Dunne et al. 2002; Koh et al. 2004; Petchey et al. 2004; Ebenman and Jonsson 2005; Montoya et al. 2006) . These secondary extinctions occur because a primary extinction creates an unfeasible (a consumer may have no prey) or dynamically unstable community. Secondary extinctions represent a process of relaxation that creates a feasible and persistent community. The removal of a sea star species (Pisaster ochraceus) from a rocky intertidal community allowed mussels to dominate and caused local extinction of many other species (Paine 1966) . The loss of sea otters (Enhydra lutris) from the West Coast kelp forests in the United States also caused many local extinctions (Springer et al. 2003) . In both examples, the loss of one species caused a large shift in community structure, including loss of many other species. These "secondary extinctions," or "coextinctions," that can result from a primary extinction could be a major source of biodiversity loss now and in the future (Koh et al. 2004; Montoya et al. 2006) .
Theoretical studies have simulated secondary extinctions in both abstract models and models of observed communities (Pimm 1980; Borrvall et al. 2000; Sole and Montoya 2001; Dunne et al. 2002; Eklöf and Ebenman 2006; Ives and Carpenter 2007) . Generally, these studies take a model community, remove a species (the primary extinctions), and observe secondary extinctions. Eventually, secondary extinctions result in a community that is persistent according to topological (Dunne et al. 2002) or permanence criteria (Law and Blackford 1992; Ebenman et al. 2004) or numerical integration (e.g., Jonsson et al. 2006) . Such studies provide information about when secondary extinctions are particularly likely and for which species they are most likely. For example, if the species that suffers primary extinction is relatively highly connected to other species, there will likely be a relatively large number of secondary extinctions (Dunne et al. 2002; Quince et al. 2005; Eklöf and Ebenman 2006) . The trophic position of the primary extinction is also important but tends to interact with connectance. In sparsely connected communities, extinction of a top predator is less likely to cause secondary extinctions than extinction of a basal species (Borrvall et al. 2000; Quince et al. 2005; Eklöf and Ebenman 2006) . However, in more highly connected communities, extinction of a top predator can cause more secondary extinctions than extinction of a basal species. Other factors, such as structural properties of the community (e.g., geometry, omnivory, and interaction strength distributions) and properties of the species (e.g., their functional response, whether they can switch to new resources, and density dependence), also play a role in determining the likelihood and number of secondary extinctions (Pimm 1980; Borrvall et al. 2000; Sole and Montoya 2001; Dunne et al. 2002; Thebault et al. 2007 ).
Previous investigations also show which species are most likely to suffer secondary extinction. Intuitively, one might think that poorly connected species are at greatest risk, as they have to lose fewer links to be unfeasible (e.g., a consumer with no prey; MacArthur 1955). While this is true in relatively sparsely connected food webs, the opposite may be true in more complex ones. There, moreconnected species can suffer greater risk of secondary extinction, possibly because they experience a greater number of indirect effects. Such a pattern has been observed in both model (Eklöf and Ebenman 2006) and microcosm communities (Fox and McGrady-Steed 2002) .
Here we analyze the effect of the secondary extinctions themselves, with the implicit hypothesis that they are of nonrandom sets of species and will therefore have nonrandom effects on communities. Specifically, we ask whether the secondary extinctions have effects on trophic diversity that differ from those of random extinctions. Trophic diversity represents the range of different trophic roles played by the species in a community and should, in theory, be closely related to functional diversity (Petchey and Gaston 2002b; Naeem and Wright 2003) . Here, trophic diversity is estimated using established methods for quantifying phylogenetic and functional diversity (Yodzis and Winemiller 1999; Purvis et al. 2000; Petchey and Gaston 2002b) . Thus, two species represent higher trophic diversity if they have no trophic interactions in common, that is, if they have no common prey and no common predators. Species that share prey and/or predators represent lower trophic diversity. In sum, there are various ways in which species' trophic interactions can differ; trophic diversity is a summary of all of them.
The trophic similarities and differences among the species in a food web are the source of trophic diversity at the community level. We term the amount of these similarities or differences the "trophic uniqueness" of a species and note that the concept resembles that of phylogenetic originality (Pavoine et al. 2005) . Trophic uniqueness is related to how unique a species' niche is, in particular, how distant a species is from all other species in multidimensional niche space. Therefore, the trophic uniqueness of a species that has no prey or predators in common with any other species will be very high, and the more shared prey or predators, the less trophically unique are species. Trophic uniqueness is distinct from specialism/ generalism. Whereas trophic uniqueness reflects the overlap among species in their resources and consumers, specialism/generalism is about the number (or range) of resources, independent of the species resource use pattern of other species. Consequently, trophic uniqueness can be independent of specialism/generalism and also trophic position: in the food web of the Benguela marine ecosystem (Yodzis 1998) , the three most trophically unique species are seals (16 resources), other groundfish (12 resources), and macrozooplankton (three resources); the three least unique are tuna (12 resources), goby (two resources), and pilchard (two resources).
We analyzed both model and published binary food webs of natural communities. Model communities had 12 species distributed over three trophic levels: plants, herbivores, and predators. These model species interact via consumption, intraspecific competition, and interspecific competition, with generalized Lotka-Volterra dynamics. To better understand how robust our model results were, we analyzed models with different levels of connectance, trophic structures, levels of omnivory, functional responses, and interaction strength distributions and with consumers that can switch to new resources. We analyzed 17 binary food webs of well-documented ecological communities (Dunne et al. 2004 ; data for Lake Tahoe and Mirror Lake were unavailable). Hereafter, we term these "natural food webs."
Methods

Model Communities
There were 12 species distributed among three trophic levels. Three aspects of community structure were varied: shape, connectance, and omnivory. Shape was rectangular, with four species on each of three levels, or triangular, with six, four, and two species on the plant, herbivore, and predator levels, respectively ( fig. 1) . Connectance was 0.06, 0.1, or 0.20. Omnivory was present or not. For each combination of these three features, we assembled 1,000 permanent (Law and Blackford 1992; Ebenman et al. 2004) communities by selecting parameter values according to the following rules.
Feeding links were distributed at random, but each con- between species. Direct intraspecific competition in all species and direct interspecific competition between all basal species are present but not shown in the figure. Species with arrangement, number, and strength of feeding interactions very different from any other in the community are relatively unique in their trophic role (lighter shades of gray) and contribute a proportionally large amount of trophic diversity to the entire community. In this example, species 1 is very unique because it has two strong links and a unique set of consumers. In contrast, species 2 and 6 have identical trophic roles; both are consumed by only species 10. We used Yodzis and Winemiller's (1999) method to construct a dendrogram of trophic roles (right) from the community matrix of interaction strengths. Trophic diversity is the total branch length of this dendrogram, a robust measure of diversity (Purvis et al. 2000; Petchey and Gaston 2002b) . The trophic uniqueness of a species is the length of its terminal branch.
sumer was linked to at least one resource. There was direct competition among plants. Some webs contained omnivores. Species dynamics were described by generalized Lotka-Volterra equations: , for
, where x i is the density of species i, b i is its i p 1, … , S intrinsic growth (plants) or death (herbivores and predators) rate, and a ij is the per capita effect of species j on the intrinsic growth/death rate of species i. The growth rates of primary producers were set to 1, and mortality rates for consumers were randomly drawn from the uniform distribution [0, 0.001]. These mortality rates were sorted so that predators had lower rates than their prey, because species at higher trophic levels are larger (Cohen et al. 2003 ) and large size often confers low mortality rate (Brown et al. 2004) . When a consumer fed on multiple resources, the per capita effects on its resources a ij included one strong feeding interaction (set to Ϫ0.4), and other links were weak (set to Ϫ0.1 divided by the number of prey species consumed minus 1). If a consumer fed on only one resource, the link was strong (Ϫ0.5). The resulting skewed distribution of interaction strengths matched that observed in real communities (Paine 1992; Wootton and Emmerson 2005) . Effect of resources on consumers was Ϫa ij times conversion efficiency. The conversion efficiency was set to 0.2 for nonomnivory links and 0.02 for omnivory links (a value less than 1 is to be expected when consumers are larger than their prey). We chose a smaller conversion efficiency for omnivorous links because we assume that it takes more plant mass than animal mass to produce one predator offspring.
Intraspecific competition occurred in all species and was set to Ϫ1 for primary producers and Ϫ0.1 for consumers. Interspecific competition among plant species was modeled by setting the appropriate competition coefficients (randomly drawn from the uniform distribution [Ϫ0.5, 0]). Interspecific competition among consumer species was indirect through consumption of shared resources.
To check how robust results were to the assumptions of our model, we also simulated communities with type 2 (rather than linear) functional responses, with symmetric (rather than skewed) distribution of interaction strengths and with consumers that could switch resource species. For each of these, we assembled 500 "persistent" communities with connectance of 0.1 and omnivory. Persistent communities were those in which all species were present after 2,000 initial time steps. We did not simulate communities with different levels of connectance and without omnivory because of their large computational requirements.
Parameter values for type 2 functional responses were as follows: handling time of 0.01; attack rates randomly drawn from the uniform distribution [Ϫ1, 0]; and either equal or unequal preferences by consumers for their different prey species. Other parameters were the same as for the case of linear functional response. Diet switching happens if the primary extinction leaves a consumer without any resource, in which case the consumer switches randomly to one of the remaining resources with half its original interaction strength. For more detailed information about these models, see Eklöf (2004) and Borrvall and Ebenman (2006) .
Natural Food Webs
Binary food webs of 17 of the 19 communities in Dunne et al. (2004) were analyzed (data for Mirror Lake and Lake Tahoe were unavailable). These cover a wide range of ecosystem types, including terrestrial, fresh water, and marine. To aid comparison between analyses of the model and the natural food webs, which differ greatly in species richness, we initially removed one-twelfth of the species from each of the natural food webs and observed which species suffered secondary extinction according to topological criteria (consumers losing all their prey species). One-twelfth were removed because this corresponds to the one removal from the 12 species in the model communities. The primary extinctions were selected randomly, and secondary extinctions were recorded. We could not use the permanence criteria for natural food webs because of lack of information about strengths of interaction between species. This was carried out 50 times for each of the natural food webs.
Cascading Extinctions
Cascading extinctions occurred according to topological criteria, where a consumer suffers extinction if it has no resource species, and/or according to dynamic criteria, where a dynamically nonpermanent community loses species until it is permanent (Law and Blackford 1992; Ebenman et al. 2004) . It is possible to distinguish between cases when only topological criteria are required to explain the observed secondary extinctions and cases when dynamic criteria are also required. Hereafter, the dynamic criteria may include secondary extinctions that occur through topological criteria as well as ones that occur dynamically.
Permanence analysis was not possible in the case of nonlinear functional response. Numerical integration over 25,000 time steps was then used to find the postextinction community. Here species became extinct if their densities fell below a certain threshold: 1% of the density of the initially rarest species at the relevant trophic level (Borrvall and Ebenman 2006) . For example, a basal species was considered extinct if its density dropped below 1% of the density of the initially rarest basal species.
Measuring Trophic Diversity
We quantify trophic diversity in the model webs from the elements of the community matrix (with elements a ij ) described in "Model Communities" (excluding competition), which describes the variety and strength of feeding strategies of the species (fig. A1 in the online edition of the American Naturalist). These feeding strategies reflect traits such as searching speed, radius of sensory field of predators, degree of prey crypsis, and specialism or generalism. Elements in the upper-right triangle of this matrix are nonzero if the species in row i is consumed by the species in column j, and elements in the lower-left triangle are nonzero if the species in row i consumes the species in column j. That is, the upper-right triangle documents the consumers of the species i in row i, while the lower-left triangle documents the resources of the species i in row i. To measure the trophic diversity using this information, we followed the general process of Yodzis and Winemiller (1999) , which involves constructing a similarity matrix from the community matrix and using hierarchical clustering to construct the dendrogram of trophic relationships. We then used an established and robust measure of biodiversity, the branch length of the dendrogram, to measure the diversity represented by the species in a community (Purvis et al. 2000; Petchey and Gaston 2002b;  fig. 1 ).
This paragraph and the next contain details of the quantitative methods used to select the measure of similarity and clustering algorithm required to transform the community matrix into a dendrogram of trophic relations. Yodzis and Winemiller (1999) tested a variety of measures of similarity and clustering algorithms and assessed their performance using the cophenetic correlation. This is the correlation between pairwise similarities and pairwise distances across the dendrogram (Sokal and Rohlf 1962) ; higher cophenetic correlations indicate less distortion of multivariate space. Yodzis and Winemiller (1999) used the Jaccard similarity index on the presence of trophic links and found that additively combining the predator and resource aspects of a species' trophic role performed better than combining them multiplicatively. However, Jaccard similarity does not account for the shared absence of feeding links (Krebs 1999) , which represents real data in food webs. The additive method can also make very different species appear very similar (e.g., species 5 and 12 in fig.  1 ; also see fig. A1 ). Furthermore, the multiplicative method that Yodzis and Winemiller tested can indicate that a pair of species are completely dissimilar, even though they may have some resources or predators in common. Because these properties seem somewhat undesirable, we assessed the performance of a variety of other measures of similarity, again using the cophenetic correlation to assess the most appropriate measure. In addition to the additive and multiplicative method for combining information about a species' consumers and its resources, we used a third method, which we term "independence" (Williams and Martinez 2000; Cattin et al. 2004 ). This treats the con-sumer and resources traits of a species as distinct, but not in a multiplicative manner; one can view it as being intermediate to the additive and multiplicative methods of Yodzis and Winemiller (1999) .
The additive and independence methods outperformed the multiplicative method across different distance measures (e.g., Jaccard and Euclidean) and different data types (binary or continuous), as measured by the mean cophenetic correlation over all model webs. The performances of the additive and independence methods were very similar, and our general conclusions were insensitive to the method we used. We used Euclidean distances on continuous-interaction data because this produced the highest cophenetic correlation.
Accounting for Variation in the Loss of Trophic Diversity
There was considerable variation among food web types in the amount of trophic diversity lost. We examined whether differences among the simulated food webs and patterns of secondary extinctions could account for this variation, using regression trees. These are methods for assessing whether a response variable is associated with variation in a number of explanatory variables; they are robust to nonlinear relationships and can represent more complex interactions than multiple regression or ANOVA (De'ath and Fabricius 2000; Brose et al. 2005) . The response variable was deviation from expected trophic diversity (observed trophic diversity remaining minus expected trophic diversity remaining), where expected trophic diversity remaining was the proportion of species remaining. Explanatory variables were connectance (0.06, 0.1, or 0.19), web shape (triangular or rectangular), omnivory (present or not), whether secondary extinctions were by topological or dynamic criteria, the identity of the initial extinction (basal, intermediate, or top species), the number of secondary extinctions, the identity of the secondary extinctions (seven possible combinations of basal, intermediate, and top species), the distribution of interaction strengths (skewed or even), the type of functional response (linear or type 2), and whether consumers could switch to new resources. The 1-SE rule defined the number of splits in the tree (De'ath and Fabricius 2000).
Which Species Became Extinct?
Regression tree analysis was also used to determine which properties of a species were associated with high secondary extinction probability. Secondary-extinction probability was the response variable, and explanatory variables were number of trophic links to and from the species, trophic position of a species, trophic uniqueness of the species, connectance, web shape, omnivory, distribution of interaction strengths, functional response type, consumer diet switching, and whether secondary extinctions were topological or dynamic. A species' trophic uniqueness was the branch length in the dendrogram unique to that species, and qualitative conclusions were qualitatively identical for two other measures of trophic uniqueness.
Results
Model Communities
Secondary extinctions left model communities with between 50% and 83% of their original species richness. The amount of trophic diversity remaining was lower than expected, given the proportion of species that suffered extinction (figs. 2, 3). For example, in model communities, a 25% reduction in the number of species caused a loss of 20%-72% of trophic diversity, with a mean of 39% ( fig. 2a, 2b ). Across all model communities and all extinctions, cascading extinctions resulted in a mean of ∼10% less trophic diversity than expected. The qualitative pattern was consistent across model communities with triangular structure (fig. 2a, 2b) , with rectangular structure (fig. 3c, 3d) , with omnivory, without omnivory ( fig. 2) , and with connectance varying across the range found in natural food webs ( fig. 2) . The greater than expected loss of trophic diversity also occurred regardless of whether secondary extinctions were purely topological ( fig. 2a, 2c; fig. 3a , 3c) or were due to both topological criteria and dynamic instabilities ( fig. 2b, 2d; fig.  3b, 3d) . Analyses of models with type 2 functional responses ( fig. 3a, 3b ) and consumers with ability to switch to new resources ( fig. 3c, 3d) show the same pattern of greater than expected loss of trophic diversity.
When a null hypothesis was used that controlled for proportion of species lost and community feasibility, secondary extinctions still resulted in lower trophic diversity than if species loss was random but constrained by feasibility ( fig. 4 ). This null hypothesis accounts for the structure of the dendrogram of trophic similarities among the species in a community. In some cases, the effect of dynamic secondary extinctions was to reduce trophic diversity by 50% below the level in communities that experience random extinctions that result in feasible communities.
Natural Food Webs
Greater than expected loss of trophic diversity also resulted when secondary extinctions occurred in a collection of natural food webs from a variety of communities ( fig. 5 ). This resulted in food webs with between 58% and 92% of their original species richness. In 523 of the 560 comparisons, the effect of secondary extinctions was greater than proportional. The magnitude of the pattern was less than for the model communities, however, with a loss of 25% of species leading to a loss of about 24%-37% of trophic diversity, with a mean of 30%.
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Accounting for Variation in the Loss of Trophic Diversity
Although there was generally a greater than expected loss of trophic diversity, there was also a great deal of variation, even when the same number of secondary extinctions occurred. Differences in web structures and species interactions accounted for about 30% of this variation across all webs (table 1), and the amount by which trophic diversity was reduced below the expected level was influenced by a variety of properties of the community and by the causes of secondary extinctions. For example, loss of trophic diversity was greater in highly connected webs than in sparsely connected communities, in triangular webs, and when more secondary extinctions had occurred (table 1) .
Which Species Became Extinct?
Bottom species experienced lower extinction probability (0.005) than intermediate and top species (0.21; table 2). Number of links was the next split in the regression tree, with species with fewer links suffering greater risk of extinction. In the remainder of the tree, two splits indicated that species that were more trophically unique were more likely to become extinct. There were also splits indicating that extinctions were more likely if both dynamic and topological extinction criteria were considered than when only topological extinctions occurred. One of the remaining splits indicated that species with more links were more likely to become extinct (table 2) have greater trophic uniqueness than bottom or top ones and that, in general, species with more links are more trophically unique (table 3) .
Discussion
Nonrandom loss of species reduces various components of biodiversity-including the amount of evolutionary history represented by an assemblage (Nee and May 1997; Purvis et al. 2000) and the functional diversity of an assemblage (Petchey and Gaston 2002a)-more than might be expected if extinctions occurred at random. Here we show that secondary extinctions cause large reductions in the total diversity of trophic roles played by species. This appears to happen because the extinctions are of a collection of species that represent a disproportionate amount of trophic diversity. Their relative uniqueness may also mean that loss of these species will have disproportionate effects on rates of ecosystem processes, although a more thorough understanding of the mechanisms that link trophic diversity and ecosystem processes will reveal whether this is true (Raffaelli et al. 2002; Worm and Duffy 2003; Thebault et al. 2007 ). Similar results occur in model and natural food webs despite differences between the data, the types of secondary extinctions that occur, and the varied assumptions of the models. Interspecific interactions in the model communities vary in strength, and competition occurs between basal species. In contrast, the natural food webs contain only trophic interactions, and these are binary (present or absent; i.e., no data are available on their strength). Because of this difference, the cascading extinctions in natural food webs accord with topological criteria only: consumers suffer extinction only if they have no resource species (a direct effect). In the model communities, however, secondary extinctions can be of any species and can result from dynamic instabilities caused by both direct and indirect interactions (Ebenman et al. 2004; Christianou and Ebenman 2005; Ebenman and Jonsson 2005; Quince et al. 2005) .
What can explain the greater than expected loss of trophic diversity? One possible explanation for this result is that secondary extinctions occur for species that are poorly connected (i.e., specialists) and that these are also species that contribute disproportionately to trophic diversity. However, while poorly connected species were sometimes more likely to become extinct (table 2), more connected species (i.e., generalists) tended to be more trophically unique (table 3) . Consequently, we cannot conclude that our results are caused by a correlation between extinction risk and trophic uniqueness that itself is caused by variation in number of links.
What, then, explains the relatively likely extinction of more trophically unique species? Our results show that Note: Expected trophic diversity remaining was the proportion of species remaining. The first split is whether connectance was 0.20 (greater loss of trophic diversity) or 0.06 or 0.10 (smaller loss of trophic diversity). Overall, the regression tree explains about 30% of the variation in the response variable. Bold entries indicate terminal branches, all of which have negative response values that correspond to greater than expected loss of trophic diversity. ID lost is the identity of the species that suffered secondary extinction: B p bottom, I p intermediate, T p top; combinations indicate when more than one type became extinct. Note: The first split is whether a species is bottom in the food web or not, the second split is the number of links to and from a species, and the third is the trophic uniqueness (TU) of a species, with higher values corresponding to higher extinction probability. Overall, the regression tree explains about 22% of the variation in the response variable. Bold entries indicate terminal branches. ID gives the trophic position of the species: B p bottom, I p intermediate, T p top. Eklöf and Ebenman 2006) . Moreover, indirect top-down effects are more common in highly connected communities than in those with low connectance (Eklöf and Ebenman 2006) . These patterns suggest that our finding-the greater than expected loss of trophic diversity (especially in highly connected webs)-is caused by a higher extinction risk of intermediate species, which in turn are more trophically unique than species at other trophic levels.
Previous investigations suggest that, in addition to trophic position, the presence, position, and direction of feeding links can have important effects on the extinction risk of species (Bender et al. 1984; Yodzis 1988; Jonsson et al. 2006) . Our results are also broadly consistent with this finding: extinction risk is influenced by details of the pattern of interaction with other species. We do not, however, have a complete mechanistic explanation of these patterns, and we leave them for further research.
Although the general pattern of greater than expected loss of trophic diversity was robust to changes in model structure and parameters, the amount of loss varied (table  1) . For example, model food webs with high connectance (0.20) experience greater loss of trophic diversity than those with lower (0.06, 0.10) connectance. The most likely explanation for this is that secondary extinctions caused by indirect effects are more common in highly connected networks and that these extinctions involve more trophically unique species (see above).
Our results suggest a correlation between the probability that a secondary extinction occurs and the magnitude of its effect: species that suffer higher probability of secondary extinction have greater effects on trophic diversity than species for which secondary extinction is less likely. The same pattern seems to apply to primary extinctions, where species with higher probability of extinction contribute disproportionately to community characteristics (Petchey and Gaston 2002a; Bunker et al. 2005; Gross and Cardinale 2005) . This finding has significant conservation implications in terms of ecological risk assessment, where risk is defined as a combination of the probability that an event occurs and the severity of its consequences. First, redundant species (those whose loss has little effect) are unlikely to suffer extinction, limiting their contribution to system redundancy (Walker 1992 ). These are low-risk species. In contrast, high-risk species will probably become extinct and will have a large effect if they do. The correlation between probability of extinction and severity of effect results in relatively few intermediate-risk species. This correlation should, to some extent, give better return on conservation effort, because conserving a species with high probability of extinction also prevents large effects on ecosystems. Identifying these high-risk species in large and complex ecological communities is a considerable challenge, but they may be indicated by their relatively unique pattern of interactions with other species.
